. By defining the residues present in the epitope of a mAb against the human Mac-1 integrin (␣M␤2, CD11b͞CD18) that binds only the active receptor, we provide biochemical evidence that the I domain itself undergoes a conformational change with activation. This mAb, CBRM1͞5, binds the I domain very close to the ligand binding site in a region that is widely exposed regardless of activation as judged by reactivity with other antibodies. The conformation of the epitope differs in two crystal forms of the I domain, previously suggested to represent active and inactive receptor. Our data suggests that conformational differences in the I domain are physiologically relevant and not merely a consequence of different crystal lattice interactions. We also demonstrate that the transition between the two conformational states depends on speciesspecific residues at the bottom of the I domain, which are proposed to be in an interface with another integrin domain, and that this transition correlates with functional activity.
Integrins are heterodimeric adhesion receptors present on cells of multicellular organisms and play key roles in multiple cellular processes. They are type I membrane glycoproteins with short cytoplasmic tails (1, 2) . The ␣-subunit of Ϸ1,000 aa has seven 60-aa repeats recently predicted to fold into a seven-bladed ␤-propeller (3). Some ␣-subunits contain a structurally characterized inserted (I) domain of 200 residues (4) (5) (6) (7) (8) (9) that is predicted to be inserted between ␤-sheets 2 and 3 of the ␤-propeller (3). The extracellular domain of the ␤-subunit contains Ϸ700 residues and includes a conserved domain of 250 residues that may be similar in structure to the I domain (7, 10) .
Increased affinity of integrins for ligand can be activated by ''inside-out'' signals relayed from the cytoplasm; in ''outsidein'' signaling, ligand binding by integrins transduces signals into the cell (11) (12) (13) . Earlier experiments have demonstrated gross conformational changes of the extracellular portion of integrins by using fluorescence resonance energy transfer (14) , change in protease sensitivity (15) , and electron microscopy (16) .
In integrins in which it is present, including the leukocyte integrins such as Mac-1 (␣M␤2, CD11b͞CD8) and LFA-1 (␣L␤2, CD11a͞CD18), the I domain is important in ligand binding (17, 18) . The isolated, recombinant Mac-1 I domain has been shown to interact with ligands (19, 20) , and mAbs directed to the I domain can abolish ligand binding to intact integrins (17) . Most likely, other domains of both the ␣-subunit and the ␤-subunit cooperate to create the complete binding face (21) (22) (23) . In integrins lacking I domains, the upper face of the putative ␤-propeller has been shown to be important in ligand binding (3, 24) .
Crystal structures of I domains (4-9) reveal a dinucleotidebinding fold, with a metal ion-dependent adhesion site (MIDAS) on the ''top'' face, that is opposite to the bottom face that connects to the ␤-propeller domain. The metal ion is believed to ligate directly to an acidic residue in the ligand that completes the metal coordination sphere. Two different crystal forms of the Mac-1 I domain are hypothesized to represent the I domain in active and inactive conformations (4, 25) . In both structures, a divalent cation forms a total of five coordinations to the I domain, three of which are direct coordinations; however, the residues that directly coordinate differ, and other nearby residues shift in position. In the putative low-affinity structure, crystallized with Mn 2ϩ , one of the three direct coordinations is to an Asp residue, and the sixth coordination is to water. In the putative high-affinity structure, crystallized with Mg 2ϩ , none of the three direct coordinations is to a charged residue, but a sixth, direct coordination forms to a Glu in the C-terminal ␣-helix of a neighboring I domain in the crystal lattice. This C-terminal ␣-helix undergoes a large 10-Å movement, and it is unclear whether this movement is more closely structurally linked to the rearranged metal coordination in the MIDAS or to the lattice contact between the Mg 2ϩ and Glu of neighboring I domains. Intriguingly, the structurally homologous G protein ␣ subunit undergoes a similar change in metal coordination between the GDP-and GTP-bound forms, which is coupled to long-range structural rearrangements (4) . In other studies on LFA-1 and Mac-1 I domains, no significant differences were found between structures in the presence of Mg 2ϩ or Mn 2ϩ or in the absence of bound cation (5, 6) . It has been argued that the conformational change, observed in only one of many published structures, is a crystal lattice artifact and is not physiologically relevant (6) .
Several activation-dependent mAbs to both ␣-and ␤-subunits of integrins are known (26) . One such mAb, CBRM1͞5 (27) , recognizes the I domain of the integrin Mac-1 and is unique in that mAb binding not only depends on activation but also blocks ligand binding. CBRM1͞5 mAb saturably binds to only 10 or 30% of total Mac-1 molecules on the surface of neutrophils activated by chemoattractants or phorbol esters, respectively, yet almost completely blocks Mac-1-dependent adhesion to different ligands (27) . A priori, the Mac-1 epitope could be exposed as a result of global interdomain rearrangements, or it could be formed as a result of intradomain tertiary conformational changes of the I The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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domain, which could be linked to interdomain, quaternary changes. To what extent such mechanisms operate in integrins currently is not known. Here, using CBRM1͞5 and other antibodies that have closely overlapping epitopes, we demonstrate a conformational change in the Mac-1 I domain close to the putative ligand binding site, only three residues from the MIDAS. The epitope of CBRM1͞5 is in a region in which major differences are seen between the two crystal forms of the Mac-1 I domain. Further, we show that several species-specific residues in the I domain, near its interface with the ␤-propeller domain, are important in regulation of integrin activity.
MATERIALS AND METHODS
DNA Constructs and Mutagenesis. Human ␣M-and ␤2-subunit cDNAs were in pCDNA3.1ϩ as described (28) . Mutagenesis of the ␣-subunit was carried out by overlap extension PCR (29) . In brief, outer primers were 5Ј-TGGTGGAATTCT-GCAGATATCCAGC-3Ј (5Ј end) and 5Ј-CTGTCTGCGTGT-GCTGTTCTTTGTCTC-3Ј (3Ј end), and internal primers (GIBCO͞BRL) with an overlap of Ϸ22 base pairs were used to generate mutated fragments that were digested with either NotI and BspEI (mutants hm131-136 to hm178) or BspEI and BbsI (mutants hm187-194 to hm313) and were swapped into the wild-type construct. All DNA amplification was with Pfu DNA polymerase (Stratagene), and the final constructs were verified by sequence analysis. Plasmid DNA for transfection was prepared by QIAprep Spin Kit or Maxi Kit (Qiagen, Chatsworth, CA).
Tissue Culture and Transfection. 293T cells (30) were maintained in high glucose DMEM supplemented with 10% fetal bovine serum (JRH Biosciences, Lenexa, KS), 2 mM glutamine (Sigma, nonessential amino acids (GIBCO͞BRL), and gentamicin (Sigma). Cells were plated onto 6-cm tissue culture dishes and 18 h later were transfected by calcium phosphate coprecipitation (31) by using 12 g of ␣-subunit and 8 g of ␤-subunit cDNA. After a further 48 h, transfected cells were detached with 5 mM EDTA in PBS. Approximately 75% of the cells expressed Mac-1 as shown by flow cytometry. For generating stable K562 cell lines that express Mac-1, the wild-type or mutant ␣M cDNA was subcloned into the XbaI site of pEFpuro (32) . One microgram of SspI-linearized pEFpuro containing the ␣M cDNA was cotransfected with 20 g of the SfiI-linearized wild-type ␤2 cDNA contained in plasmid AprM8 by electroporation as described (33) . Transfectants were selected for resistance to 4 g͞ml puromycin and were subcloned further by limiting dilution. Clones expressing similar levels of surface Mac-1 were used in binding assays. Stable cell lines were maintained in RPMI medium 1640 (GIBCO͞BRL) supplemented with 10% fetal bovine serum and 4 g͞ml puromycin (Sigma).
Analysis of Binding to mAbs. mAbs to the Mac-1 ␣-chain I domain were CBRM1͞5 (27) , LPM19c (Dako), CBRM1͞1, CBRM1͞2, CBRM1͞4, CBRM1͞13, CBRM1͞21, CBRM1͞22, CBRM1͞24, CBRM1͞27, CBRM1͞29, CBRM1͞31, CBRM1͞ 33, CBRM1͞34, LM2͞1, OKM9, TGM-65, and 5A4.C5, as described in ref. 17 or references therein. To monitor expression, mAbs CBRM1͞10 and CBRM1͞23 to the C-terminal region and mAbs CBRM1͞20 and CBRM1͞32 to the putative ␤-propeller domain (17, 28, 34) were used. The activation-dependent mAb M24 (35) and CBRM1͞19 (27) also were used. The X63 myeloma IgG1 was used as control. Antibodies were diluted from a 1 mg͞ml stock in PBS to 5 g͞ml, except for mAb M24, which was diluted to 10 g͞ml or was diluted 1:200 from ascites. Cells were incubated for 40 minutes in 96-well plates with each mAb and then, after washing twice, for 30 minutes with fluoresceinisothiocyanate-goat anti-mouse IgG (Zymed) diluted 1:50 followed by three washes. All washing and incubation was in L-15 medium with 2% fetal bovine serum (Sigma) at 4°C, except for incubation with M24, which was done at 37°C (35) . Cells were fixed with 1% formaldehyde before flow cytometry for measurement of fluorescence intensity. At least 2,500 cells were acquired on a FACScan instrument (Becton-Dickinson).
Binding of Transfectants to Immobilized Ligand. Human complement component iC3b (Calbiochem) [50 l͞well at 5 or 10 g͞ml in 20 mM Tris, 150 mM NaCl, and 2 mM MgCl 2 (pH 9)] was coated in flat-bottomed 96-well plates (ICN) overnight at 4°C and was blocked further with 0.05% polyvinylpyrrolidone (Sigma) at 37°C for 1 h. Cells were labeled at 37°C for 15 minutes with 2Ј,7Ј-bis-(carboxyethyl)-5-(and -6)-carboxyf luorescein, acetoxymethyl ester (Molecular Probes) in L-15 medium and were washed and kept at room temperature thereafter. Fifty-thousand cells were pipetted into washed, ligand-coated wells and were spun to the bottom. After incubation for 50 minutes at 37°C, unbound cells were washed off on a microplate autowasher (Bio-Tek, Burlington, VT) with four washes of 250-ml dispense volume and 100-ml volume remaining after aspiration. The pressure applied to the autowasher was 2 psi, and the wash buffer was Hank's balanced salt solution. The fluorescence of input cells and of cells remaining after each wash was measured with a fluorescence concentration analyzer (Pandex, Idexx Laboratories, Westbrook, ME). Less than 2% of nontransfected cells bound after the final wash.
RESULTS
The epitope for the mouse anti-human Mac-1 mAb CBRM1͞5 was localized by using 293T cells transfected with human ␤2 and ␣M integrin cDNA, in which short segments within the I domain of the ␣M subunit were substituted with the murine sequence ( Fig. 1) . Seventeen different chimeras were expressed at wildtype levels, as shown with mAbs that react outside the I domain; however, CBRM1͞5 mAb failed to bind to three of the mutants, hm146-152, hm198-203, and hm206-213 (Table 1 ). The individual amino acid substitutions recognized by CBRM1͞5 mAb were defined by using 11 mutants carrying the corresponding single amino acid changes (Table 2 ). CBRM1͞5 is specific for Pro-147, His-148, and Arg-151 in the loop before and at the beginning of ␣-helix 1 and for Lys-200, Thr-203, and Leu-206 in the loop connecting ␣-helices 3 and 4 ( Fig. 1 and Table 2 ). Although separated by up to 55 residues in sequence, these six residues are adjacent in the structure (4, 6, 7) (Figs. 2 and 3). All six residues have side chains that are well exposed to solvent ( Lack of CBRM 1͞5 binding to mutants suggests that the residues substituted are the antigenic residues of the epitope. An alternative possibility would be an inability of Mac-1 to assume the active conformation. This possibility can be excluded because the mutants hm146-152, hm198-203, and hm206-213, which abolish CBRM1͞5 binding, all reacted as well as the wild type with two other activation-dependent antibodies, M24 (35) and CBRM1͞19 (27) , and because all six mutants with the antigenic residues substituted one-by-one showed wild-type level binding to immobilized iC3b, a ligand for Mac-1 (data not shown). Therefore, we conclude that the CBRM1͞5 binding site is described accurately by the six antigenic residues P147, H148, R151, K200, T203, and L206.
Two other antibodies, CBRM1͞21 and CBRM1͞22, did not bind mutants hm146-152, hm198-203, and hm206-213 (Table  1) . Thus, their binding site must overlap, to a large extent, that of CBRM1͞5, although, interestingly, these mAbs react equally well with active and inactive Mac-1 (17, 27) . The set of mutants carrying single amino acid substitutions showed that CBRM1͞21 and CBRM1͞22 could be distinguished from CBRM1͞5 (Table  2) . Mutant R151Q abolishes CBRM1͞5 binding but has very little effect on binding of CBRM1͞21 and CBRM1͞22. K200S only affects binding of CBRM1͞5. Furthermore, the T203K substitution completely abolished CBRM1͞5 but left significant albeit greatly reduced binding by CBRM1͞21 and CBRM1͞22. We conclude that the region of the I domain recognized by these antibodies must be accessible in the inactive as well as in the active state of Mac-1. There might be a shift in position of the I domain relative to other domains in the intact integrin on activation, but the results with CBRM1͞21 and CBRM1͞22 suggest that this is not the reason for the capability of CBRM1͞5 to differentiate between the two states. Rather, the results suggest a change in conformation within the I domain itself.
In the two Mac-1 I domain structures hypothesized to represent active and inactive conformations (4), residues P147, H148, and R151 of the CBRM1͞5 epitope occupy markedly different positions and differ in side-chain orientation (Fig. 3) , despite low atomic mobilities. Furthermore, these residues are preceded immediately by three of the residues that coordinate the Mg 2ϩ and form the DXSXS motif of the MIDAS, D140, S142, and S144. Thus, movements of P147, H148, and R151 that average 2.4 Å are tightly linked to the 2.0-Å movement of S144 of the MIDAS.
Several mouse-human substitutions activated expression of the CBRM1͞5 epitope. Compared with mAbs that are not activation-dependent, CBRM1͞5 reacts with Ϸ30% of Mac-1 *Fluorescent intensity of transiently transfected 293T cells was normalized to staining with a mAb that was unaffected by the particular mutation, such as LPM19C: ϩϩϩϩ, no effect; ϩϩϩ, Ͼ60%
of wild type; ϩϩ, 20-60% of wild type; ϩ, Ͻ20% of wild type; Ϫ, indistinguishable from staining of mock transfectant. All mAbs are specific for the I domain (17) . † The name of each mutant is truncated to show the first altered residue; see Fig. 1 for full names and the identity of substituted residues. molecules expressed on 293T cells (Table 1) . Interestingly, the mutations hm131-136, hm164, and hm231-234 increased CBRM1͞5 binding; binding was increased to the same level as for non-activation-dependent mAbs both in 293T cells (Table 1 ) and in K562 cells (Fig. 4A) . None of the other 17 initial chimeras increased CBRM1͞5 binding. However, when the individual substitutions were studied for the three chimeras that abolished CBRM1͞5 binding, two further stimulatory mutations were found, I146N and H210K (Fig. 4A) . Notably, all of the mutations that increase expression of CBRM1͞5, except for I146N and H210K, mapped to the bottom of the I domain. Furthermore, all of these mutations, except for I146N, activated ligand binding by Mac-1 and resulted in a 2.5-to 6-fold enhancement of binding to the complement component iC3b (Fig. 4B) . As a positive control, an activating deletion in the ␤2 cytoplasmic domain (C.L., unpublished results) resulted in a similar activation of CBRM1͞5 mAb and iC3b binding (Fig. 4 A and B) . All of these mutants, except for I146N, also increased binding of mAbs M24 and CBRM1͞19 (data not shown), both of which bind outside the I domain (27, 35) . The I146N mutation decreased binding to iC3b both in K562 cells (Fig. 4B ) and in 293T cells in which wild-type Mac-1 was more active (data not shown). These results are consistent with previous observations that Mac-1 binding to iC3b contains a species-specific component (37) . Interestingly, residue I146 is located in between the CBRM1͞5 mAb epitope and the MIDAS (Fig. 2 , yellow sphere) and is in a position in which it may contact ligand. By contrast, the substitutions that activate both CBRM1͞5 and ligand binding cluster on the opposite, lower face of the I domain (Fig. 2, turquoise spheres) . The location of species-specific residues recognized by the 18 mAbs studied here define surfaces of the I domain that are accessible in the intact integrin. These residues mapped to the upper face of the I domain and to two, opposite faces on the side of the I domain (Fig. 2, blue spheres) . One of these faces contains ␣-helices 1, 2, and 3, and the other contains the top of ␣-helix 5, ␣-helix 6, and the prominent loop between ␣-helix 6 and ␤-strand 6. None of the activating substitutions on the lower face of the I domain (Fig. 2, turquoise spheres) involved residues that were recognized by any mAb. Other species-specific residues that were not recognized by mAb were confined to the lower face of the I domain and to the C-terminal ␣-helix 7 (Fig. 2, green spheres) .
DISCUSSION
By mapping the epitope of the activation-dependent, functionblocking CBRM1͞5 mAb, we provide evidence here for (i) a conformational change in an integrin I domain that is adjacent to and closely linked to the MIDAS and physiologically relevant to ligand binding by an intact integrin and (ii) a linkage between this conformational change and an interface on the lower face of the I domain. Our findings are relevant to a current controversy on FIG. 3 . Stereo view of the CBRM1͞5 epitope. The structures of the liganded, Mg 2ϩ -bound (7) and nonliganded, Mn 2ϩ -bound (4) Mac-1 I domains were superimposed by using C␣ atoms of residues 132-140, 167-241, and 245-265 (rms of 0.43 Å) (4). The metal ions and three segments of each structure are shown, with the liganded, putative high-affinity structure in blue and nonliganded, putative low-affinity structure in red. The three segments are left, residues 296-315, including ␣-helix 7; center, residues 143-163, including ␣-helix 1; and right, residues 197-209, including ␣-helix 3. Sidechains of residues in the CBRM1͞5 epitope are shown as ball and stick. Metal ions are the spheres at top. The distances between the two structures for N of Pro-147, ND1 of His-148, and NH1 of Arg-151 are 2.6, 4.8, and 5.7 Å, respectively. The figure was made with MOLSCRIPT (42).
FIG. 2. Stereo view of the Mac-1 I domain (7)
. In the C␣ trace, the C␣ atoms of all residues that differ between mouse and human are shown as color-coded spheres. The black sphere at the top is the magnesium ion. The ␣3 helix is at front center, ␣-helix 1 is to its left, and the C-terminal ␣-helix 7 is at the far, lower left, behind ␣1. The C␣ atoms of residues in the CBRM1͞5 epitope, as defined by single amino acid substitutions, are red. The C␣ of residue I146, which increases CBRM1͞5 binding and decreases iC3b binding when substituted, is yellow. The remaining residues in the three human-mouse chimeras that affected CBRM1͞5 binding are blue. Residues in the other 14 chimeras are color-coded according to overall effect of the substitutions: blue, decreased binding of one or more mAb and no effect on CBRM1͞5 binding; green, no effect on any mAb; and turquoise, enhanced binding of CBRM1͞5 mAb and no decrease in binding of any mAb. The figure was made with MOLSCRIPT (42). whether two conformations observed in crystal structures of I domains are physiologically relevant or represent an artifact induced by crystal lattice interactions (4, 6, 25) . The face of the I domain that displays the CBRM1͞5 epitope is exposed on both active and inactive forms of Mac-1, as shown by binding of multiple mAb, and in particular CBRM1͞21 and CBRM1͞22. Thus, of two possible mechanisms for integrin activation, ''unmasking'' and ''shape-shifting'' (22), we have evidence for the latter. We localized the CBRM1͞5 epitope to three residues in each of two adjacent polypeptide segments on the I domain. One of these segments immediately follows the DXSXS motif of the MIDAS. When the two crystal forms of the Mac-1 I domain are compared by superposition, the three residues in this segment recognized by CBRM1͞5 move 2.4 Ϯ 0.5 Å, and this movement is closely linked by the polypeptide chain to the movement three residues away at S144, the last residue of the DXSXS motif. S144 donates a primary coordination to the metal of the MIDAS, and its 2-Å movement is thus closely linked to the rearrangement of several of the coordinations in the MIDAS between the two crystal forms (4).
Our data provide evidence for conformational change in a specific region of the I domain, adjacent to the MIDAS. Only one of many published I domain crystal structures displays the putative high-affinity conformation; therefore, doubts have been expressed about its physiologic relevance. However, it is highly significant that this is the only structure in which the sixth coordination position in the MIDAS is satisfied by a ligand-like coordination. The crystal studies to date are thus consistent with the hypothesis that fulfillment of the sixth coordination by a negatively charged oxygen increases the stability of the putative high-affinity structure relative to the putative low-affinity structure. This would be consistent with the proposed higher affinity of this structure for ligand, which is suggested by the finding that the only negatively charged oxygen donating a primary coordination comes from the putative ligand-binding position whereas, in the putative low-affinity structure, a negatively charged primary coordination is donated by an I domain residue deeply buried in the Mg 2ϩ -binding pocket (4) .
Furthermore, our data may be relevant to whether the large movement of the C-terminal ␣-helix in Mac-1 (4) is physiologically important or instead is related to coordination of a Glu in this helix to the MIDAS in a neighboring I domain in the crystal lattice. Two different LFA-1 I domain structures differ in whether the C-terminal portion of the C-terminal ␣-helix packs onto the rest of the domain or not, suggesting that its association is loose (5) . This movement represents a bend in the helix axis and is not linked to other conformational changes within the I domain. By contrast, in Mac-1 I domain structures, a large movement along the axis of the C-terminal ␣-helix is observed that is accompanied by a similar 10-Å downward movement of the loop between this ␣-helix and the preceding ␤-strand. This loop is adjacent to CBRM1͞5 epitope residues H148 and R151 in the putative low-affinity state; its downward movement in the putative highaffinity state leaves H148 and R151 better exposed to solvent and, hence, to binding by CBRM1͞5 (Fig. 3) . Thus, CBRM1͞5 may be recognizing shape-shifting in the C-terminal ␣-helix and its preceding loop as well as in the adjacent ␣-helix and loop that bear H148 and R151.
Localization of mAb epitopes supports the importance of the face bearing the MIDAS in ligand binding. The CBRM1͞5 mAb epitope is close to the MIDAS, consistent with its ability to block ligand binding (27) . The CBRM1͞21 and CBRM1͞22 mAb that bind an almost identical epitope are also strong function blockers (17) . The majority of the mAbs studied here, including all of the CBRM1 series except for CBRM1͞5, were selected independently of their ability to block function (27) . We tested whether the proximity of mAb epitopes to the Mg 2ϩ ion correlated with how well they blocked function, as determined by the average inhibition of binding to four different ligands (17) . Indeed, there was an excellent correlation (Fig. 5) , with r 2 ϭ 0.55 and a significance of P ϭ 0.002, as determined with an F test. This provides objective support for the use of mAbs to define functionally important sites on proteins.
Our results provide information about the inter-relationship between the I domain and the remainder of the integrin molecule in which it is present. The upper surface of the I domain and two of the lateral, ␣-helix-bearing faces are recognized by mAbs and thus are well exposed in the intact integrin on the cell surface. By contrast, many potentially antigenic residues located near the bottom of the I domain, and on the C-terminal ␣-helix, were not recognized by any of the 18 mAbs tested. At least a portion of these residues may be shielded from antibody recognition because they are in an interface with another integrin domain. The bottom of the I domain connects to the predicted ␤-propeller domain in the integrin ␣-subunit. The N-and C-termini of the I domain are close to one another and are predicted to link to adjacent ␤-sheets 2 and 3, respectively, in the ␤-propeller (3). The I-like domain of the ␤-subunit is also nearby because it interacts with residues in ␤-propeller sheets 2 and 3, as shown by a shared Of relevance to inside-out signaling by integrins are the human-mouse substitutions that activate iC3b binding and CBRM1͞5 binding and cluster at the bottom of the I domain (Fig.  2, turquoise spheres) . The enhancement of binding to iC3b is marked, Ϸ6-fold. Of the three substitutions within hm131-136, E131Q and D132E are in the polypeptide chain connection between the ␤-propeller domain and the I domain and by definition are in the interface between these domains. The other activating substitutions, L164F, K231E, and F234A, are nearby; they are within 6-12 Å of D132, the first residue of the Mac-1 I domain as defined by the crystal structures, and therefore are close to or within the interface between the I domain and the ␤-propeller domain. Interestingly, L164 is buried by the Cterminal ␣-helix, and, therefore, the L164F substitution is expected to loosen the packing against the side of the I domain of this ␣-helix, which connects to the ␤-propeller domain. Presence within an interface or within the I domain is consistent with a lack of recognition of these species-specific residues by any of the 18 Mac-1 mAbs studied here. Previously, substitutions at the bottom of the von Willebrand factor A1 domain, which is homologous to I domains, have been shown to activate ligand binding near the top of the domain (38) . Furthermore, substitutions with LFA-1 for Mac-1 sequence in residues 162-170, and 190-197 of the I domain, have been found to activate Mac-1 (39). These substitutions included loops on the bottom of the I domain but also included residues in ␣-helices 1, 2, and 3 and involved drastic changes in 9 of 9 and 7 of 8 amino acids, respectively. A total of only three regions were substituted, all on a single face of the I domain. We substituted a total of 17 regions, distributed over all faces of the I domain, and therefore can conclude that the bottom of the I domain, where it interfaces with the ␤-propeller domain, is especially susceptible to substitutions that activate ligand binding. We speculate that these substitutions weaken the quaternary constraints that hold the I domain in the low-affinity conformation and mimic a physiologic mechanism in which movements in the interface region activate ligand binding. It has been suggested that this could be accomplished by a movement of the C-terminal ␣-helix of the I domain, which could conformationally couple the MIDAS to the interface between the I domain and the ␤-propeller domain (3) . Because the I-like domain in the ␤-subunit is near the interface between the I domain and ␤-propeller domain (Q. Zang, C.L., C. Huang, and T.A.S., unpublished results), it also may participate in the interactions that regulate ligand binding to the MIDAS and expression of the CBRM1͞5 epitope. Thus, inside-out signaling may be directed from within the cell by altering the orientation between the integrin ␣ and ␤ subunits, which in turn alters the orientation between the ␤-propeller domain and the I domain and thus alters the conformation at the MIDAS and its affinity for ligand.
In summary, our results support the hypothesis that, with activation, the integrin I domain undergoes a conformational change near the MIDAS that is tightly linked to the increase in affinity for ligand. Our findings are based on studies of the I domain in the context of the intact Mac-1 molecule. The transition from inactive to active receptor can be provoked with several minor amino acid substitutions located at the bottom of the I domain. This region contacts the ␤-propeller domain, and we propose that the activation signal is transmitted through the ␤-propeller domain in association with the I-like domain of the ␤-subunit.
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